The core skeletal muscle ryanodine receptor (RyR1) calcium release complex extends through three compartments of the muscle fibre, linking the extracellular environment through the cytoplasmic junctional gap to the lumen of the internal sarcoplasmic reticulum (SR) calcium store. The protein complex is essential for skeletal excitation- This review summarises our current knowledge of the individual protein/protein interactions within the core complex and their overall contribution to EC-coupling. We highlight significant areas that provide a continuing challenge for the field. Additional important components of the Ca 2+ release complex, such as FKBP12, calmodulin, S100A1 and Stac3 are identified and reviewed elsewhere.
| INTRODUCTION
The skeletal muscle RyR1 Ca 2+ release channel forms a stable mul- Cl − intracellular channel). [1] [2] [3] [4] During EC-coupling, transverse tubule membrane depolarisation is sensed by the DHPR α 1S subunit, then relayed to the RyR1 pore which opens to allow Ca 2+ release. STAC3, a newly identified player, binds to DHPR α 1S and to RyR1, maintaining the core protein complex and functional EC-coupling. 5 The luminal domains of RyR1, triadin and junctin sense the intra-SR environment along with the Ca 2+ binding protein calsequestrin (CSQ) which is linked to the SR membrane and RyR1 via triadin and junctin. 6, 7 The aim of our research is to define the interactions between these proteins and how they respond to environmental changes to appropriately regulate RyR1 activity, Ca 2+ release and contraction.
*These authors contributed equally.
| PHYSIOLOGICAL CONSEQUENCES AND CLINICAL IMPLICATIONS OF THE CHANGES IN COMPONENTS OF THE RYR1 COMPLEX
The core RyR1 complex or "couplon" is the link between electrical signals arising in the central nervous system and the release of Ca
2+
ions that activate the contractile machinery to generates muscle force and skeletal movement, ie EC coupling. As will be outlined in this review, each of the components of the RyR1 complex acts in a specific way to contribute to the proper functioning of EC coupling and healthy muscle contraction. The consequence of changes in the individual components is detailed in the following sections.
In general terms, knockout of the α 1S or β 1a subunits of the DHPR or of RyR1 is lethal, as the surface/transverse tubule electrical signal is not transcribed into Ca 2+ release from the SR. Mutations in any one of these three proteins lead to skeletal myopathies which include malignant hyperthermia, where volatile anaesthetics or stress cause excess Ca 2+ release from the SR, muscle contraction and an uncontrollable increase in temperature that is fatal unless treated.
An increasing number of mutations have been identified in RyR1 that lead to "core" myopathies, with varying degrees of muscle weakness.
FKBP12, triadin, junctin and CSQ are not essential-their knock out is not lethal, but each fine-tunes Ca 2+ "leak" from the SR at rest and the gain of EC coupling during contraction. Knockout or mutations of these proteins modify RyR1 activity and/or alter Ca 2+ buffering and Ca 2+ available in the SR for release. In addition, triadin, junctin and CSQ maintain the ultrastructure of the membranes containing the RyR1 core complex for optimal function during EC coupling.
Changes in muscle function seen physiologically and clinically with changes in the core complex include increased sensitivity to caffeine, reduced twitch and tetanic force and reduced resistance to fatigue.
There are several excellent reviews detailing physiological changes with these myopathies 3 that have been appropriately re-named "triadopathies" 8 or "couplonopathies". 9 
| DIHYDROPYRIDINE RECEPTOR INTERACTION WITH RYR1
Understanding skeletal EC-coupling, particularly conformational transmission of the depolarisation signal from DHPR α 1S to RyR1, has been one of the most challenging areas of muscle physiology over the past 50 years. Nevertheless it is irrefutably established that coupling between depolarisation and Ca 2+ release depends on expression of the skeletal isoforms of the DHPR α 1S and β 1a and RyR1. 1,2,10 Knockout of the skeletal isoforms results in death at or before birth.
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| The DHPR α 1S subunit
The movement of charged residues in the S4 segment of the DHPR α 1S subunit sets the voltage sensitivity of Ca 2+ release. [17] [18] [19] [20] Transmission of the voltage sensor signal to RyR1 depends on critical residues between aa724-760 in the linker between the second and third membrane spanning repeat (II-III loop) of α 1S . [21] [22] [23] [24] The II-III loop is intrinsically unstructured, providing the flexibility required for rapid conformational change during EC-coupling. 25 The nature of the events that allow the II-III loop to communicate signals to RyR1 remain unknown. It was assumed that the DHPR II-III loop interacted directly with RyR1, as indicated by the arrangement of four DHPRs (tetrad)
overlying the four subunits of individual RyR1 channels and the finding that the tetrad formation is essential for EC-coupling. 24, 26, 27 However, many attempts failed to identify a II-III loop binding site 
| The DHPR β 1a subunit
Several β isoforms are targeted to the triad through an interaction with the α1s I-II loop. 13 However tetrad formation in mammals depends on the combined presence of RyR1 and β 1a . 24, 33, 34 As an aside, α 1S is targeted to triads in the absence of β 1a but does not form tetrads. 13, 34 A hypothetical EC-coupling pathway through the core RyR1 complex, including β 1a is illustrated in Figure 1 . The intramolecular pathways in Step 1 must exist but are unsolved.
Step 4 likely proceeds through RyR1's "central" domain. 35 Steps 2 and 3 have been partially solved. that subtle changes to this region impact on physiological function.
Dayal et al. 40 found that both SH3 and C-terminal domains of β 1a are required for α 1S voltage-sensing and suggest that the SH3 domain binds to C-terminal polyproline residues to induce an essential microconformation within the tetrad. However the data does not exclude a model where the β 1a SH3 residues bind to polyproline residues in the II-III loop, with a separate essential function for the C-tail. It remains to be determined whether β 1a does bind to the II-III loop in the muscle fibre and whether this contributes to EC-coupling.
| β 1a binding to RyR1
Deletion of the final 35 residues of β 1a C-tail reduces skeletal EC-coupling, 41, 42 while deletion of the final 36 residues abolishes EC-coupling. 43 Both the β 1a subunit and a peptide corresponding to its C-terminal 35 residues (β 1a aaV490-M524) bind to the native RyR1 and activate the channels with nmol/L affinity. 44 Thus the C-tail of β 1a could fulfil Step 3 ( Figure 1 ). Three hydrophobic residues, L496, L500, W503, lie on the surface of a helix at the N-terminal end of the 35aa C-tail peptide. 45 Alanine substitution of the three residues prevents binding of this helix to RyR1 and channel activation. 45 These hydrophobic residues are included in a sequence
that is essential for EC-coupling. 43 Finally, the C-tail peptide enhances EC-coupling in adult skeletal muscle. 3 Together these results
indicate that the β 1a C-tail binds to RyR1 and supports EC-coupling.
A counter-finding is that EC-coupling is not interrupted when streptavidin is bound to the β 1a extreme C-terminus. 46 However, the extreme C-terminus of β 1a is separated from the RyR1-binding site by >20 residues, and might not affect β 1a interactions with RyR1.
β 1a binds to a fragment of RyR1 encompassing aa3201-3661. 47 Mass spectroscopy data confirms a binding site for β 1a within aa3201-3661 (Casarotto, Huber, Dulhunty, unpublished RyR1 regions contain charged residues, neither would associate with the hydrophobic β 1a C-tail residues required for RyR1-binding. 43, 45 However any one of numerous nearby hydrophobic sequences could associate with the C-tail hydrophobic region. The conformation of a hydrophobic binding surface could be influenced by nearby polybasic and ASI regions to impact on β 1a affinity, EC-coupling and RyR1 activation ( Figure 2) . Overall, the results indicate that EC-coupling conformational signalling could flow from the α 1s II-III loop through β 1a to RyR1, but are also consistent with the β 1a interactions simply maintaining a physical relationship that allows signalling through other pathways. 40 
| Core RyR1 complex interactions within the SR lumen
The core RyR1 complex includes triadin, junctin and CSQ, 3, 52 proteins that are not essential for EC-coupling as knockout animals survive, [53] [54] [55] [56] but they set background RyR1 activity and impact on the gain of EC F I G U R E 2 Potential β 1a binding region on RyR1. A, The 3D structure of the P2, HD1, HD2 region of the cytoplasmic domain of RyR1 (modified from Extended Data Figure 6 ). 64 In the heart, potentially fatal arrhythmia occurs with mutation/knockout of triadin, 7 junctin, 54 and CSQ2. 
| Triadin and junctin interactions with RyR1
There are notable similarities between Trisk95 and junctin. Both insert into the SR membrane via a single alpha-helix, with short cytoplasmic domains that interact with the cytoplasmic "foot" of RyR1. 6, 66, 67 In the SR lumen, basic residues in the longer C-terminal domains bind to 
| Triadin binding to RyR1
Three luminal acidic RyR1 residues, D4878, D4907 and E4908, are required for Trisk95 binding. 57, 72 Although separated in the RyR1 sequence, D4878 is near D4907 and E4908 in the 3D RyR1 structure 73 ( Figure 3 ). The acidic residues in RyR1 that bind to Trisk95 likely form charged pairs with basic residues in the Trisk95 C-tail K218, K220 and K224 (Figure 3) . 68 Two studies indicate that the C-tail is unstructured, 70, 74 while a third suggests that the KEKE residues form a β sheet. 75 Arguably an unstructured tail would allow two lysine residues separated by a glutamate to bind to the adjacent D4907 and E4908 (Figure 3 ). The Trisk95 binding site is intimately associated with the RyR1 pore, with D4878 on S5-pore helix linker, and D4907/E4908 on S6 where it overlies the pore helix ( Figure 3C  73 ). Therefore the effect of Trisk95 knockout in increasing RyR1 gating and substate activity 76 is not surprising. This is also seen when purified RyR1, lacking Trisk95, opens to substate levels and notably full conductance openings appear upon luminal addition of Trisk95 alone (Figure 4) . 68 
| Junctin binding to RyR1
In contrast to one binding site on triadin for RyR and CSQ, there are multiple binding sites on junctin's C-tail for RyRs and CSQ. 54, 67, 75 The luminal junctin-binding sites are better resolved in RyR2 than RyR1.
However junctin likely binds to homologous sites in RyR1 and RyR2 because junctin and its N-and C-terminal components similarly alter RyR1 and RyR2 activity. 67 Therefore the RyR2 findings are relevant to potential RyR1 sites. Altschafl et al. 54 found two luminal regions on is shown as an unstructured blue ribbon. The approximate positions of the RyR1-and Trisk95-interacting residues are indicated by variously colored filled circles in front of the left hand protomer and behind the right hand protomer. The RyR1 residues essential for Trisk95 binding 55 are D4878 (grey green-located at the junction between the luminal loop and pore helix); D4907 (brighter green) and E4908 (lightest green) are located at the beginning of the S6 helix, overlying pore helix ( fig. 3C   73 ). The three Trisk95 residues that are implicated in binding to, and activation of, RyR1 71 are K218 (lightest blue) is shown interacting with RyR1 E4908; K220 (mid-shade blue) is shown interacting with RyR1 D4907, while K224 (darkest blue) interacts with RyR1 D4878 S1-S2 regions ( Figure 5 ). This could indicate two binding sites similar to those in RyR2. 54 Junctin binds normally to RyR1 with alanine substituted D4878, D4907 and E4908, so does not bind to the Trisk95-binding site, 57 but presumably binds to other acidic clusters in the RyR pore/luminal domain. In addition junctin's cytoplasmic domain (N-jun, aa1-22) binds robustly to RyR1 cytoplasmic site/s between aa1078-2156 ( Figure 5 ), 67 which include RyR1/RyR2-conserved sequences in the handle and helical domains. 73 Clearly junctin-binding residues in RyR1 require finer dissection.
| Functional aspects of triadin-and junctinbinding to RyR1
Purified RyR1 is similarly activated by luminal addition of Trisk95 and a peptide (aa218-232) containing a KEKE motif from its C-tail, indicating that activation by Trisk95 depends solely on this luminal motif. 70, 71 The interactions with junctin are more complex as RyR1 is activated by luminal junctin, but inhibited by luminal addition of C-jun. 67 Additionally, the massive 5-fold activation by cytoplasmic N-jun is opposite to RyR1-inhibition by Trisk95 N-tail.
66
To try to reproduce the 2-fold activation seen when junctin is added to the luminal solution, N-jun and C-jun were added respectively to cytoplasmic and luminal sides of purified RyR1. 65 The order of addition was critical. If C-jun was added first, N-jun brought activity back the initial purified RyR1 levels. If N-jun was added first, C-jun then reduced channel activity, but it remained ~2-fold greater than control, mimicking the activity level after adding full junctin. 67 This suggested that the N-tail of full junctin added to the luminal solution first penetrates the bilayer to bind to cytoplasmic RyR sites and that this binding facilitates C-tail binding to luminal RyR sites. Thermodynamically the short neutral N-tail is more likely to penetrate the bilayer than the long charged C-tail. ] increased, due to excess SR Ca 2+ leak through F I G U R E 4 Trisk95 activates purified RyR1 channels and reduces substate activity. Two current records from a purified RyR1 channel incorporated into a lipid bilayer using our standard conditions, 68, 79 and recorded at −40 mV with 100 nmol/L cytoplasmic Ca
| CSQ binding to the core RyR1 complex
2+
, and 2 mmol/L cytoplasmic ATP and 1 mmol/L luminal Ca Triadin in the cell influences endoplasmic reticulum structure and microtubule organisation. 83 In addition two cysteines in Trisk95 allow it to form polymers 84 which could deform the SR membrane to bring the RyR1 closer to the DHPR. 7 Trisk 95 was initially reported to bind to the DHPR α 1s and to RyR1. 82 Curiously the transverse tubule and SR membranes become separated after triadin knockout, 7 which could explain the loss of EC coupling in myotubes expressing Trisk95-binding deficient RyR1. 57 Triadin knockout is associated with reduced expression of other proteins that impact on Ca 2+ signalling, eg junctophilin-1, junctin, and CSQ1. 55, 61 FKBP12 is upregulated five-fold, 55 perhaps compensating for effects of triadin ablation on FKBP12 binding to RyR1. 
| Junctin
There have been few junctin knockout studies in skeletal muscle.
Junctin knockdown reduces EC coupling and Ca 2+ store size in C2C12 myotubes, 64 but not in myotubes from junctin knockout mice. 55 Junctin knockout mice demonstrate increased ventricular arrhythmia, with increased SR Ca 2+ store load in cardiac myocytes, 54 consistent with relief of junctin-induced activation of RyR2. 67 The RyR2 are generally similar and are indicated at the top of the figure. Cytoplasmic N-terminal junctin residues (N-jun) bind to the cytoplasmic domain of RyR1 (stippled box), but not to constructs containing the pore/luminal domains. 67 The luminal C-terminal residues of junctin (C-jun) bind to two constructs of the luminal (transmembrane) domain of RyR1 that overlap with the S1-S2 (dark grey box) linker region and also with the pore region (light grey box) 67 (see text description). There is no binding of C-jun to constructs containing only cytoplasmic RyR1 residues. Two luminal regions of junctin bind to two separate luminal domains of RyR2, 54 . Junctin-A (Jun-A) binds to a region that contains the S1-S2 (dark grey box) linker region and Junctin-D (Jun-D) binds to a region that include the pore region (light grey box) response to increasing luminal [Ca 2+ ] is steeper than normal, 54 which may be due removal of the junctin-link between CSQ2 and RyR2 since the effect is similar to that seen with CSQ2 removal from RyR2. has been examined in junctin-null, triadin-null and triadin/junctin-null mice. 55 Structures named "anchors" on the luminal side of junctional SR membrane, reminiscent of rods and bridges described previously, 85 are reduced in triadin-null fibers. 55 The terminal cisternae are shrunken, consistent with the suggested contribution of Trisk95's to junctional structure, 7 but separation of the transverse tubule/SR membrane was not reported. 55 The greatest reduction in terminal cisternae size is seen in double knockout fibres, but no reduction reported in junctin-null triads. 55 Notably, the voltage-dependence of Ca 2+ release appears only marginally altered in the myotubes from triadin-null or junctin-null mice, but is shifted substantially to the right in triadin/ junctin double-null myotubes, 55 suggesting a synergistic role of triadin and junctin in maintaining triad structure and EC coupling. A model of the triadic components, incorporating both single channel and whole cell data is presented in Figure 6 .
| Csq
As mentioned, malignant hyperthermia, normally attributed to mutations in RyR1 and in the DHPR α 1S subunit, is also associated with CSQ1 mutation/knockout. 39, 56, 62, 63 Skeletal SR structure is modified by CSQ1 knockout, with shrinkage of junctional SR lumen; proliferation of triads and increased density of RyRs. 56 SR Ca 2+ uptake is compromised and the fibres are unable to maintain Ca 2+ release and contractile force during a prolonged stimulation. 56, 86 Changes are most apparent in fast-twitch fibres, presumably because the slowtwitch fibres also express CSQ2. 56 CSQ1 knockout leads to oxidative stress and mitochondrial damage. 87 It is notable that CSQ1 also F I G U R E 6 A model of the arrangement of Trisk95, junctin and CSQ in the junctional SR/terminal cisternae of skeletal muscle fibres, based on data from single channel and biochemical observations 57, 67, 70, 71, 84 , knockout mouse data 53, 55, 83 and a models proposed previously 55, 83, 84 as outlined in the manuscript. The t-tubule and one of the two terminal cisternae that form the triad are shown. The α 1s , β 1a and RyR1 interactions are the same as those described shown in Figure 1 and are included here to complete the picture of the core RyR1 complex. Each α 1s , β 1a and RyR1 complex, with associated triadin, junctin and CSQ, forms a core complex or "couplon", which is repeated many times along the length of the triad junction, although only three repeated couplons are shown in the figure. Five Trisk95 monomers are shown as strings in different shades of brown (to facilitate definition of individual molecules) and form a polymer through disulphide bridges involving residues C270 and C649. The precise arrangement of the disulphide bridges is unknown. A single Trisk95 binding site for RyR1 and CSQ1, formed by K218, K220 and K224, 71 (brown ovals on each Trisk95 molecule, labelled K220). The single Trisk95 binding site on the luminal domain of RyR1 57 binds to this RyR1/CSQ1 site in one of the Trisk95 molecule in the polymer. The other members of the polymer bind to CSQ1 (green circles) which forms a linear polymer. The closely packed Trisk95 and CSQ1 molecules near the disulphide-linked Trisk95 C270 form the electron dense anchor region (grey rectangles). 55 A junctin monomer is shown as a dark blue string with dark blue circles indicating two binding sites on the luminal domain and one site on the cytoplasmic domain of RyR1. 67 The binding site on junctin for CSQ1 is indicated by darker green ovals. NB. Trisk95 C-tail from aa270-687 is depicted as disproportionally short for the purpose of clarity interacts with JP45 and that JP45 binds to the I-II loop of the DHPR α1S subunit: the JP45/CSQ complex is a negative regulator of Ca 2+ entry through the DHPR during EC-coupling. 88 CSQ2 knockout results in changes to SR structure and Ca 2+ signalling in the heart, although the structural changes appear less than those in skeletal muscle with CSQ1 knockout.
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| CONCLUSIONS
This review has focussed on our current understanding of the core components of the RyR1 complex and the roles that they play in maintaining normal skeletal muscle structure and function. It is likely that greater understanding will come as we discover more about other components and how they modify the core complex function. That
Stac3 has been recognised only in the last 3 years highlights the possibility that other components of the system will be discovered.
